Hydrolysis of arginine is a classical diagnostic test for species in the mollicute order Entomoplasmatales. In this paper we report data for arginine utilization by spiroplasmas, as determined by standard methods. In addition, modified methods were developed for fastidious spiroplasmas, such as strain LD-lT (T = type strain), the Colorado potato beetle spiroplasma. Twenty-one spiroplasma strains representing 13 groups or subgroups and eight ungrouped spiroplasmas (seven of which represent putative groups) were studied. The arginine reactions of eight strains were the same as the reactions reported previously, but previously reported positive tests for spiroplasma subgroups 1-51 and 1-6 (Spiroplasma insolitum) could not be repeated, and the data for the latter taxa are corrected. Although other workers have reported that addition of carbohydrate to media may be necessary for the utilization of arginine, the presence of glucose tended to obscure arginine hydrolysis in our studies.
Hydrolysis of arginine is an important diagnostic test for species of the mollicute order Entomoplasmatales (16). The arginine hydrolysis (AH) test, as described by Barile (2), measures the production of ammonia released from arginine via the arginine dihydrolase pathway (3). Several lines of evidence have established that this pathway occurs in spiroplasmas; this evidence includes the presence of arginine deiminase activity and the accumulation of ornithine and citrulline during arginine degradation (7, 14, 15) , the results of labeled arginine experiments which show that label appears in ornithine (13), and the presence of an arginine-ornithine membrane exchange system in the AH-positive organism Spiroplasma melliferum
In mollicutes, the arginine dihydrolase pathway may be linked to energy production (e.g., small amounts of energy [l mol of ATP per mol of arginine] [3] are generated) or may serve as a source of carbon or nitrogen (3, 7) . This pathway also functions in bacteria as a protection against increased acidity or osmolarity (9) .
Although Mesoplasma and Entomoplasma species do not hydrolyze arginine, nine Spiroplasma groups and all eight subgroups of spiroplasma group I have been reported to be AH positive (18). However, we repeated tests for the group I spiroplasmas and were unable to confirm some previous results. In this paper, we amend previously reported data for two group I spiroplasmas (strains LB-12 [subgroup 1-51 and M55T [T = type strain] [subgroup 1-61 [Spiroplasma insolitum]) and describe the reactions of 11 new strains, 7 of which are candidates for group status.
(13)-
MATERIALS AND METHODS
Spiroplasma strains. Techniques for isolating spiroplasmas from flowers and insects have been described previously (20) . The following spiroplasma strains, which are representative of or belong to previously described groups, were examined in this study: 277F (passage 31; subgroup I-4), from a rabbit tick in Montana 21 ; LB 12 passage 37; subgroup I-5), from a green leaf bug in Taiwan  ( Maryland (17) ; and TABS-1 (passage 14; grouped with TAUS-l), from a horsefly in Texas (17).
Culture media and cultivation techniques. The serum fraction (SF) medium used in most tests was Townsend's BSM medium (15) , with the following modifications: SF medium contained 1.5% (wt/vol) BBL Mycoplasma Broth Base instead of the 2.1% BBL Mycoplasma Broth Base in BSM medium, 2.5% (wt/ vol) GibcoBRL yeast extract instead of the 0.5% GibcoBRL yeast extract in BSM medium, sorbitol (instead of NaCl) for osmotic adjustment to 500 mOsM, and 2.0% (vol/vol) Difco Bacto PPLO serum fraction (instead of 15% horse serum). To eliminate contaminants, filtration with 0.22-p,rn-pore-size filters (Millex) and penicillin (1,000 U/ml) were used instead of thallous acetate. SF medium supplemented with glucose (SFG medium) contained 0.5% (wthol) glucose (instead of 0.1% glucose) and no fructose (instead of 0.1% fructose). SF medium supplemented with arginine (SFA medium) contained 0.42% (wt/vol) L-arginine-HC1. SFGA medium contained both glucose and arginine at the concentrations indicated above. For additional experiments with strain M55T, a second modified Townsend medium (MTBSM medium) was used. MTBSM medium consisted of SFA medium (containing 0.42% arginine) plus 0.1% glucose and 0.1% fructose.
Since spiroplasmas typically hydrolyze arginine at low pH values, the possible stimulatory effect of low pH values was tested by adjusting SF medium variants to pH 6.0 to 6.3 and 6.8 to 7.0 and using the resulting preparations to test subgroup 1-6 strain M55T, which previously had been reported to be AH positive (18) but was AH negative in SFA medium.
To test arginine utilization by group XX strain LD-lT, SF-based media were unsuitable. Instead, DCCM medium (4, 5) containing 10% fetal bovine serum, 0.13% sugar, and 0.12% arginine (DBF medium) was modified so that it contained 0.33% arginine; the resulting medium was designated DBFA medium (6). Other medium variants contained an additional 0.5% glucose (DBFG medium) or additional glucose and arginine (DBFGA medium).
q n i n e tests. The AH test procedure used was the procedure described by Barile (2), which was modified from the procedure of Aluotto et al. osmolarity adjusted to 500 mOsM with sorbitol). After the organisms had been passaged three times in FBSI medium, they were inoculated into the four test media (SF, SFG, SFA, and SFGA media). Only those cultures that exhibited good helical morphology were selected. A high-dilution passage of each mid-to late-log-phase culture (3 p1 of inoculum was added to 3.0 ml of medium) was performed to minimize changes in the initial pH and the glucose concentration. All cultures and an uninoculated control were incubated at 32°C and examined daily for color change. For most trials, SFGA medium was used to make the set of phenol red-containing colorimetric standards; the pH values of these standards ranged from 6.0 to 8.4 in increments of 0.1 pH unit. For tests performed with strain LD-lT, 0.002% bromcresol purple was added to test media as a pH indicator. A DCCM growth medium color series (pH 5.8 to 7.4, with increments of 0.2 pH unit) was used as the standard. A Corning model 240 pH meter (sensitivity, 0.01 pH unit) was used to verify some measurements.
In an additional test of strain MST, the spiroplasma was adapted to SFGA 35 medium, which contained SFGA medium and SFA medium at a ratio of 1:35. Strain M55T was tested in SFGA35 medium, in MTBSM medium, and in a hybrid medium (TWH medium). TWH medium contained 2.1% BBL Mycoplasma Broth Base, 0.42% arginine, 0.014% glucose, 0.5% yeast extract, and 2% serum fraction. The previously reported AH by strains 277F and N525 was confirmed by using a mixture of SFGA medium and SFA medium (1:2). Strain LB-12 was grown for several passages in pH 7.3 SFGA medium-SFA medium mixtures (1:l to 1:lO) and in SFA medium, and the pH was determined in each medium. Statistical analysis. pH values for each day were plotted by strain for the four growth media used (SF, SFA, SFG, and SFGA media). Smooth curves were fitted to the points by using PROC GPLOT (12). The smoothing method which was used was a cubic spline that minimizes a linear combination of the sum of squares of the residuals of fit and the integral of the square of the second derivative (10); a smoothness value of 0 gives straight lines between the data points and a value of 99 gives a straight line that ignores the data points. The arginine graphs were plotted with a smoothness value of 43.
RESULTS
Arginine utilization by spiroplasma strains. With the arginine concentrations used (0.21, 0.33, and 0.42%), arginine utilization by AH-positive strains was evident in SFA medium but not in SF, SFG, or SFGA medium. The variants of SFA medium typically became acidified to pH 56.0. The acidification curves for AH-negative organisms in SF, SFG, and SFGA media were similar to the acidification curves for strain TAUS-1 in SFA medium (Fig. 1) . AH-positive strains sometimes equilibrated at a higher minimal pH (pH 6.4 to 6.7) in the stationary phase in SF medium than AH-negative strains did (pH 56.0 to 6.4). Some arginine utilizers had slightly higher SFG medium (strain P40, pH 6.4) and SFGA medium (strain P40, pH 6.4; strain PALS-1, pH 6.4; strain PLHS-1, pH 6.4) pH values than other strains (pH 16.0). Strain LD-lT was exceptional in that it exhibited an increase in the pH (to pH 17.4) in a medium containing glucose and arginine (DBFGA medium); however, in this case, DCCM medium had been used as the basal medium.
Strains 277F (subgroup 1-4) and N525 (subgroup 1-7) were previously reported to be AH positive (18). This was confirmed in the current study (data not shown). Also as previously reported (18), strain P40T (subgroup 1-8) was AH positive (Table   In contrast to a previous report (18), we were not able to demonstrate AH by strains LB-12 (subgroup 1-5) and M55T (subgroup 1-6) (Table 1; Fig. 1 ). Strain LB-12 did not noticeably catabolize arginine in various SFGA medium-SFA medium mixtures at ratios of 1:l to 1:lO or in SFA medium alone. When media with an initial pH of 7.3 were used, strain LB-12 lowered the pH only slightly or not at all, while achieving high titers (more than lo9 cells per ml). Somewhat similarly, the pH values of M55T cultures (in the trial in which a color standard was used) declined from pH 7.7 to 6.4 in SFA medium. This stationary-phase equilibrium value was higher than the values 1). obtained for other AH-negative spiroplasmas, which lowered the pH to 16.0 to 6.2 (Table 1) . In trials in which the M S T culture pH was measured with an electrode, the pH values declined in all media tested as follows (the day on which the last motile form was observed microscopically is indicated in parentheses): in SFGA35 medium, from pH 7.0 to 5.9 (day 56); in MTBSM medium, from pH 7.0 to 5.6 (day 42); and in TWH medium, from pH 6.8 to 6.3 (day 35). In samples collected at later times, all cells were nonmotile and presumably dead, although the pH continued to decline an additional 0.02 to 0.6 pH unit. When strain M55T was cultured at a low pH (pH 6.0 to 6.3), it multiplied and produced motile forms for up to 64 days in all three media, and the medium pH values declined slightly from 6.1 to 6.0 (SFGA35 medium), from 6.0 to 5.2 (MTBSM medium), and from 6.3 to 5.9 (TWH medium). Group XX strain LD-lT had previously been reported to be AH positive (18). This was confirmed in the current stud ( Table 1) . In contrast to other groups, however, strain LD-1 first raised (by 0.4 pH unit) and then lowered (by 0.4 pH unit) the pH in DBF medium and DBFG medium. In DBFA medium and DBFGA medium the pH increased to 27.4; the pH did not decrease below a value of 7.4 for the duration of the test (30 days), at which time the cells were in the death phase. We suspect that the LD-lT results were a consequence of peculiarities of the DCCM-based medium (which had an initial pH of 6.4) rather than the spiroplasma, for when arginineutilizing group IX strain CN-ST (18) was placed in DBFGA medium, it exhibited a similar pH reversal (the peak pH, pH 7.0, occurred at 5 days, and then the pH declined to 55.8 at 13 days postinoculation).
Previous negative AH test results (18) were confirmed (Table 1) for the following previously grouped spiroplasma strains: MQ-1T (group VI?, EC-lT (group XIV), CT-lT (group XXII), and CUAS-1 (group XXV). In the current study (Ta-. r: ble l), new strains placed in existing groups were AH-positive group VIII-3 strain TAAS-1 and AH-negative group XVIII strain TAAS-2 and group XXIII strain TASS-1; these results are consistent with the results reported previously (18) for the strains that were representative of the groups.
Three new ungrouped strains (HYOS-1, PALS-1, and F'LHS-1) were AH positive (Table 1 ). All other ungrouped strains (strains BIUS-1, TABS-2, and TALS-2, as well as serologically related strains TABS-1 and TAUS-1) were AH negative (data not shown).
With the exception of the strain M55T profile (Fig. l) , the AH-negative profiles in SFA medium were similar to the profile obtained for strain TAUS-1 (Fig. l) , in which pH values of 226.0 to 6.2 were achieved within 2 to 11 days. For AH-positive strains (e.g., strain PLHS-1) (Fig. 1) the pH values of the rnedia decreased as acid was produced during glucose metabolism and then increased as ammonia, which was produced during arginine metabolism, accumulated. Ammonia raised the pH level to 8.0 within 19 to 30 days, and the pH values sometimes reached 28.4.
DISCUSSION
In the initial description of the genus Spiroplasma (11), the arginolytic ability of Spiroplasma citri was overlooked. The subsequent demonstration (15) that hydrolysis of this substrate by S. citri requires the presence of glucose and is delayed until latter parts of the growth cycle provided an explanation for the previous failure to detect the activity. Because we were unable to demonstrate AH by group 1-5 and 1-6 spiroplasmas in media with and without glucose, we presume that the initial report of arginolytic activity by these two strains was in error and amend the previous conclusions.
In our studies, acid production in the presence of a high level of glucose (0.5% glucose in SFGA medium) may have obscured ammonia production from arginine. An alternative explanation-that, as a consequence of repression of the arginine dihydrolase pathway by glucose fermentation, ammonia was not produced-seems less likely. Instead, evidence suggests that (i) arginine and glucose catabolic pathways are independent (11); (ii) arginine uptake is neutrogenic (Le., it does not depend on a lowered pH [over a pH range of 5.0 to 8.01, as would result from glucose fermentation) (13); and (iii) the membrane protein for arginine-ornithine exchange is constitutively expressed in spiroplasmas (13) and other mollicutes (8). We suspect, therefore, that, despite being produced, ammonia did not accumulate to levels high enough to perceptively raise the pH (above pH 6.0).
It should be emphasized that the AH test used in this study is a useful taxonomic tool but that this test does not elucidate the mechanism of arginine utilization or definitively establish the absence of AH. We did not analyze spiroplasmas for enzymes of the arginine dihydrolase pathway or measure ammonia production or arginine catabolism. Perhaps some AH-negative spiroplasmas produced low amounts of ammonia. If so, this could explain the weak acidification of media by strains LB-12 and M55T, a metabolic capability that, in nature, could function to prolong maintenance of these spiroplasmas on or in their hosts.
The AH test nevertheless continues to be an important diagnostic tool for spiroplasma species and should continue to be of substantial use in taxonomy, particularly-because the ability to use arginine occurs in various spiroplasma lineages (19) and appears to be rather evolutionarily labile-for classifying organisms at lower taxonomic levels.
A standardized protocol is not currently possible because of the difficulty of growing fastidious spiroplasmas in SF-based media. However, for most spiroplasmas, SF-based media that contain penicillin and are sterilized by filtration are suitable. When 0.02 pg of phenol red per ml is used as the indicator, arginine metabolism and glucose metabolism can be determined by adding 0.42% L-arginine-HC1 (purple color change)
